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The structure of AlN layers grown on Ti with and without an AlN interlayer between the Si substrate and the Ti layer is investigated. The AlN grains take over the orientation of the Ti columnar grains in both cases. Surprisingly, the Ti grains do not take over completely the orientations of the AlN grains of the interlayer, and show the same columnar grain structure as the sample without interlayer. Hence, the structure of the AlN top layer is independent of the presence of an AlN interlayer below the Ti layer and is mainly determined by the Ti layer microstructure. The growth of aluminum nitride (AlN) thin film on a metal electrode has been widely studied because of its potential application in many devices, such as piezoelectric resonators, 1,2 nanoelectromechanical actuators, 3 and energy harvesting devices. 4 The piezoelectric properties of AlN strongly depend on the crystallinity, 5 c-axis orientation, 6 and polar distribution of the film structure. 7 Up to now, the very good crystalline structure was obtained by sputtering AlN films on Platinum (Pt) substrates. 8 Alternatively, Molybdenum (Mo) has also been investigated, 8 but both Pt and Mo are not CMOS compatible. Further, the difficulty in patterning those metals accurately and the poor adhesion to Si substrate strongly limits the applicability of these layers. Recently, Ti electrodes have been investigated as an alternative for CMOS compatibility. 9 However, a lower quality of the AlN layers has been reported in comparison to AlN deposited on Pt. 9, 10 By using an AlN interlayer below the Ti an improved crystallinity and orientation of the AlN layers has been observed. 9, 10 This is attributed to the decrease of the crystallization energy of the electrodes possibly caused by the AlN interlayer. 10, 11 Recently, we reported on the use of this interlayer as a stop layer when releasing MEMS piezoelectric actuators. 12 Here, we look into the influence of an AlN interlayer on the AlN top layer sputtered on Ti electrodes, focusing on the role of the interface between AlN and Ti. The obtained results suggest a different phenomenon and mechanism of the AlN growth on Ti electrode as previously reported. 10, 11 AlN films and Ti electrodes were deposited on (100) Si substrates in a DC magnetron sputtering setup (Sigma 204DC magnetron PVD system) in a similar way as described in Refs. 13 and 14. To avoid oxidation and possible contamination of the interface, Ti and AlN were sequentially sputtered without breaking the vacuum. The thicknesses of the top AlN thin film, the Ti electrode and the bottom AlN interlayer were 460 nm, 170 nm, and 100 nm, respectively. The layers were characterized using x-ray diffraction (XRD) (Philips XPERT-MPD D5000) and high resolution transmission electron microscopy (HR-TEM) (FEI Tecnai F20ST/STEM) to understand the role of the interlayer and the interface relationship between the AlN and the Ti electrode on the AlN crystallinity. All TEM images were obtained with the electron beam parallel to the Si substrate surface, facing the Si h110i orientation.
The h-2h XRD profiles of these samples with the appearance of only (002) A detailed analysis of the structures of the AlN/Ti/Si and AlN /Ti/AlN/Si samples was carried out by bright field (BF) TEM (Figures 2(a) and 2(b) ). These results also show that the AlN interlayer grown on bare Si (100) consists of 10-20 nm wide columnar grains (Figure 2(a) ). Furthermore, the top AlN layers in both cases contain the fiber texture columnar structure with an average grain width of 36 nm. These results are consistent with the XRD measurements reported above. All of the AlN and Ti grains have {0001} planes parallel to the substrate. The Ti {0001} crystal planes grow continuously on the AlN crystals.
In the AlN/Ti/Si sample, AlN and Ti have the same columnar structure. The Ti electrode layer in the AlN/Ti/AlN/Si sample presents grains that partly take over the orientation of the AlN interlayer. In Figure 2 Figure 3 indicate the local epitaxial growth even for high surface roughness at the interfaces (7 nm at Ti/AlN in AlN/Ti/Si sample and 10 nm at Ti/ AlN on AlN /Ti/AlN/Si sample). This means that local epitaxial growth of AlN on Ti is still preserved despite the rougher surface of the Ti layer, caused by the presence of the AlN interlayer. A similar observation applies also to the interface of Ti and AlN interlayer with lower surface roughness (4 nm) as indicated in the HR-TEM image (Figure 3(c) ). We observe that the samples show a strong h0002i fiber texture both in the Ti and in the AlN layers. Hence, all diffraction patterns obtained with the electron beam direction parallel to the surface of the substrate, show strong {0002} reflections. Other reflections depend on the orientation of the crystals included in the selected area for diffraction. The HR-TEM images also confirm that the {0001} planes in AlN and Ti are both parallel to the substrate, which is in agreement with XRD measurements. Based on these findings, we can conclude that the enhancement of AlN crystals was not related to the AlN (Fig.  3(a) ) and the AlN/Ti/AlN/Si sample ( Fig. 3(b) interlayer as mentioned in Refs. 10 and 11 but is caused by the continuous growth of the AlN on Ti crystals, which have a larger width than the AlN underlayer (grown directly on Si).
Further investigation of the top AlN layer in AlN/Ti/Si and AlN/Ti/AlN/Si samples is revealed in the dark-field (DF) TEM images and diffraction patterns in Figure 4 . In the DF images of both samples, taken with the common (0002) reflection in the textured layers in Figures 4(a) and 4(c) , almost all grains light up. In contrast, when imaged with the uncommon (10 10) reflection, only a few grains light up, as shown in the DF images in Figures 4(b) and 4(d) .
In all DF images in Figure 4 , intensity variations within a grain are caused by vertical dislocations, recognized by the narrow lines, and also by bending of the thin TEM foil. The DF images show a very similar structure of the top AlN layers in both samples with and without AlN interlayer below the Ti.
In summary, we observed a continuous growth of AlN on Ti such that the Ti grain width determines the AlN grain width on top. Particularly, the Ti grain structure was found to be independent on the presence or absence of an AlN interlayer. The Ti grains are much wider than those in the AlN interlayer and are similar to the grains of the Ti grown directly on the Si substrate. The similar {0002} textures of the grains of Ti on AlN and AlN on Ti have been clearly demonstrated.
